Adhesion of bacterial cells to surfaces can be mediated by a wide variety of extracellular structures, which can either recognize specific molecular motifs or adhere in non-specific ways to multiple types of surfaces. The attachment is thought to be highly regulated, but the underlying sensory mechanism(s) are poorly understood. In the a-proteobacterium Caulobacter crescentus, the formation of adhesive organelles is 'hardwired' into the cell cycle regulatory circuitry. In this issue of Molecular Microbiology, Li et al. (2011) employed this model organism to examine the adhesion process and the transition from temporary to permanent attachment using total internal reflection fluorescence (TIRF) microscopy. Surprisingly, they observed that adhesin production was not only under developmental control, but was also stimulated by surface contact. Initial reversible contact of the pili with the surface was followed by flagellum rotation arrest and subsequent induction of the holdfast to allow irreversible surface adhesion. These findings demonstrate that Caulobacter produces its holdfast only at the appropriate time for surface attachment, preventing premature export of the adhesin, which could then be inactivated by 'curing' or be masked by occluding particles. Importantly, their results support the notion that the flagellum serves as a mechanosensor for adhesion.
Adhesion of bacteria to surfaces, either organic or inorganic, is the first step required for formation of a biofilm (Karatan and Watnick, 2009) . The ability to adhere provides a major advantage to both free-living and pathogenic bacteria in terms of colonization of environmental niches or hosts respectively. Indeed, adhesion of pathogens to surfaces within the human body is often vital for their retention in the host, and poses a substantial problem for treatment of persistent infections, particularly in immunocompromised patients (Klemm et al., 2010) . The molecules which mediate adhesion ('adhesins') can be polysaccharide or protein-based, and can either form specific structures such as pili and fimbriae or generate a matrix around the cells as they accumulate. In general, bacterial adhesion is a two-step process. Initial contact with a substrate is mediated through extracellular structures such as flagella and pili, and is reversible. The production of polysaccharides leads to the ensuing irreversible attachment to the surface. However, it is not well known how the transition from reversible to irreversible attachment proceeds and how attachment conditions are sensed.
Adhesins can be produced either in response to environmental stimuli or be 'hardwired' into the developmental program. One example of the latter case is Caulobacter crescentus, an aquatic a-proteobacterium. This organism reproduces according to an asymmetric division program that gives rise to two morphologically distinct cell types, a swarmer and a stalked cell (Skerker and Laub, 2004; Curtis and Brun, 2010) . The swarmer cell possesses a polar flagellum and adhesive pili at the same pole and is motile but incapable of chromosome replication, while the stalked cell cements itself to surfaces using the holdfast located at the tip of the polar stalk. The stalked cell initiates chromosome replication immediately after cell division, while the swarmer cell must differentiate into a stalked cell before it can do so. The holdfast, an N-acetylglucosamine-containing polysaccharide, appears on swarmer cells before the flagellum is shed (Levi and Jenal, 2006) and before stalk growth starts. Remarkably, the holdfast is capable of binding to surfaces with astonishingly high strength (in the mN range; Tsang et al., 2006) for a naturally occurring adhesive.
Since the holdfast is produced de novo by the swarmer cells in every cell cycle, Caulobacter is an excellent model for examining the bacterial adhesion process from beginning to end. In this issue of Molecular Microbiology, the effect of surface availability on holdfast production by Caulobacter swarmer cells was investigated (Li et al., 2011) . Holdfast production in synchronized swarmer cells was monitored in real-time in the presence or absence of a surface. Surprisingly, although holdfast production had been thought to be purely developmentally regulated, holdfast appearance was stimulated by surface contact. In the presence of a surface, holdfasts appeared 1-2 min after surface presentation, independent of the age of the swarmer cell. By contrast, production of the holdfast occurred much later when cells were grown in large shake flasks to minimize surface contact, as the developmental program took precedence over the absence of surface availability. The timing of holdfast appearance was not affected by the addition of protein synthesis inhibitors, indicating that surface contact signals holdfast formation post-translationally.
Since surface contact acted as a stimulatory signal for holdfast production and adhesion, it follows that the holdfast could not be responsible for mediating the initial reversible phase of attachment. Li et al. (2011) investigated this aspect using two mutant strains of Caulobacter; DhfsA which is incapable of holdfast production (Smith et al., 2003) , and DpilA which lacks the structural subunit of Caulobacter pili (Skerker and Shapiro, 2000) . In the DhfsA mutant, initial attachment was as efficient as in the wild-type, but never progressed to permanent adhesion. However, in the DpilA mutant, initial attachment was reduced, and almost no attachment was seen until the developmental stage at which the holdfast is synthesized regardless of surface availability, at which point adhesion, if it occurred, was permanent. From these data it can be concluded that pili promote the initial phase of adhesion, and the pili-mediated reversible attachment stimulates the holdfast production for permanent adhesion.
During the swarmer stage of the Caulobacter life cycle, the cell swims by rotation of its polar flagellum, which is colocalized with the pili and still present (and moving) at the time of reversible attachment. Therefore, at this stage there is an antagonism between the pili trying to connect the cell to the surface, and the flagellum attempting to propel the cell through the medium and potentially away from the surface. Indeed, in the DpilA mutant, occasional and transient surface attachment through the flagellum was observed, but flagellar rotation continued in these cells until they detached and swam away. However, in the wild-type attachment through pili was quickly followed by stopping of flagellar rotation, suggesting that the flagellum is jammed as the pili pull the cell into close contact with the surface. Li et al. (2011) investigated whether flagellar motor arrest was required for permanent attachment by exposure of the cells in shake flasks to crowding polymers (specifically, Ficoll and Dextran). These crowding agents reduce the solvent volume available to cells for mixing, thus confining the bacteria into small spaces in which flagellar movement is obstructed. Under these conditions cells aggregated within 1 min of crowding polymer addition, and aggregation was quickly (within 3-4 min) followed by flagellar rotation arrest. Examination of the aggregates showed that holdfasts were present on a large majority of cells, while they were not present (in the same timeframe) on untreated cells, or in cells treated with polymers added to the same viscosity but which did not exert the crowding effect. The same effect was observed with DpilA cells, indicating that alternative methods of blocking flagellar rotation are sufficient for stimulation of holdfast production, presumably by bypassing the need for pili-mediated initial attachment and jamming of the flagellum.
To examine whether surface-induced adhesion is unique to Caulobacter, the authors examined adhesin production in two other flagellated a-proteobacteria, Asticcacaulis biprosthecum and the plant pathogen Agrobacterium tumefaciens. A. biprosthecum cells have a polar holdfast and two lateral stalks (Pate et al., 1973) , while A. tumefaciens is stalkless and produces a unipolar polysaccharide (UPP) when attached to a substrate or to other bacteria (Tomlinson and Fuqua, 2009 ). Strikingly, in both these species, holdfast or UPP production was stimulated by surface contact, and with the same timescale (< 5 min) as observed in Caulobacter. In addition to testing attachment to glass surfaces, the authors also examined adhesion of A. tumefaciens to plant roots, which is likely to be a critical early step in infection of plants by this pathogen. Again, UPP production was enhanced by contact between the bacteria and the roots, after the initial UPPindependent attachment. This demonstrates that not only is this mechanism conserved in other species of bacteria, but it may also be involved in pathogenesis since it occurs on contact between pathogenic bacteria and the surface of a host cell.
This dissection of the adhesion process from initial attachment through flagellar arrest and development of permanent attachment (Fig. 1) constitutes an important step towards understanding how bacterial biofilms form. Detailed future studies will be required to elucidate the exact signalling mechanisms that induce holdfast production and whether it is the polysaccharide production or export machinery which is activated on surface contact. The fact that flagellar arrest is required in Caulobacter for holdfast appearance, and that in A. biprosthecum the flagellum is also localized at the pole with the holdfast, suggests that the surface contact signal might be transmitted, directly or indirectly, through the components of the flagellar motor when the filament can no longer rotate. It would therefore be of interest to investigate whether there is any physical or genetic interaction between flagellar and holdfast biogenesis machines (Smith et al., 2003) to trans-mit this signal. FliL, an inner membrane component of the flagellar basal body, has been proposed to act as a sensor of flagellar torque or proton flux in Proteus mirabilis (Anderson et al., 2009) and the flagella formed by a Caulobacter DfliL mutant cannot rotate (Jenal et al., 1994) . Even though direct comparison of Caulobacter and P. mirabilis FliL reveals little resemblance at the primary structure level, as putative ancillary proteins of the basal body, it might prove interesting to explore if surface-induction of holdfasts is altered in motile suppressors of the Caulobacter DfliL mutant. Alternatively, as suggested in adhesion models of Vibrio cholerae cells (Van Dellen et al., 2008) , a transient change in membrane potential might signal holdfast production in Caulobacter through an indirect mechanism. When the flagellum is jammed, the flux of energizing protons (or other ions) across the membrane-embedded flagellar (MotAB stator) complex is interrupted. This might result in a hyperpolarized membrane that could engage proton flux sensors in the flagellar basal body or in other membrane-embedded complexes, such as a hypothetical component in the holdfast or UPP biosynthetic machinery. The stimulation of UPP production by A. tumefaciens on contact with plant roots strongly suggests that this mechanism is important for initiation of biofilm formation on organic surfaces, which may also be the case for other pathogens. If so, then jamming the signal from flagellum to adhesin export could potentially serve as an anti-biofilm strategy, with clear medical implications. Surface stimulation of adhesion 9
